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We studied electronic states in vortex cores of slightly overdoped Bi2Sr2CaCu2Ox by scanning tunneling spectroscopy.
We have found that they have stripe structures with a 4a0 width extending along the Cu-O bond directions. Vortex core
states are observed as two peaks at particle-hole symmetric positions in the energy gap. Along a stripe, the peak positions
of vortex core states are constant and not influenced by the spatial variation of the energy gap ∆. Outer stripes have a
larger energy than inner stripes. A mazelike pattern in the electronic states at E = ±∆ has been observed all over the
surface both inside and outside the vortex core. The orientation of stripes of vortex core states was found to be related
to the mazelike pattern in the vortex core region. A short-range order of the mazelike pattern spatially coexists with
the superconductivity and locally breaks the symmetry of the two Cu-O bond directions. We propose that the vortex
core bound states are formed by Bogoliubov quasiparticles owing to the depairing of Cooper pairs and have a local C2
symmetry influenced by the short-range order of the mazelike pattern.
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In vortex cores of type-II superconductors, the supercon-
ducting order parameter (pair potential) is suppressed in am-
plitude. Bogoliubov quasiparticles are confined in the vortex
core to form Andreev bound states, reflecting the symmetry
of the superconducting order parameter and the shape of the
Fermi surface. Such vortex core bound states have been ob-
served in the conventional s-wave superconductors NbSe2,1)
YNi2B2C,2, 3) and NbS2,4) and recently in iron pnictides,5–7) by
scanning tunneling spectroscopy (STS). In d-wave supercon-
ductors, theoretical calculations based on the Bardeen-Cooper-
Schrieffer theory predict that the vortex core bound states have a
fourfold star-shaped spatial distribution extending in the nodal
directions with a zero-bias conductance peak at the center of
the vortex core.8–10) However, STS experiments on the high-Tc
cuprate superconductor Bi2Sr2CaCu2Ox (Bi2212) showed that
the vortex core has characteristic states (vortex core states) at
finite excitation energies E = ±ε, and different values of ε rang-
ing from 7 to 16 meV have been reported by different research
groups.11–13) Vortex core states exhibit spatial modulations in
the two Cu-O bond directions (anti-nodal directions) with a pe-
riod of about 4a0, where a0 is the Cu-O-Cu bond length (0.38
nm).14, 15) Our recent study has shown that the modulation of the
electron-like state and that of the hole-like state are in antiphase
with each other, and detected that the modulations are commen-
surate (4a0) in one Cu-O bond direction and incommensurate
(4.3a0) in the other direction.16) The latter means that the vor-
tex core states locally have the C2 symmetry instead of the C4
symmetry of the CuO2 unit cell. Many theoretical models17–28)
have been proposed to explain these experimental findings, but
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the vortex core states in Bi2212 are far from being understood.
Vortex cores in Bi2212 are situated in inhomogeneous elec-
tronic states. The energy gap ∆, measured by STS, varies by
about 3 times in magnitude on a length scale of about 2 nm.29–31)
The vortex core is larger than the length scale of this inhomo-
geneity and occupies a region with dimensions of about 6 × 6
nm2. To understand the vortex core states, it is essential to study
how they are influenced by the electronic inhomogeneity. These
studies can be performed only by STS with a high spatial res-
olution. STS measurements from this point of view have not
been performed so far. Here, we report our simultaneous STS
measurements of the vortex core states and the electronic inho-
mogeneity in Bi2212.
We used a laboratory-built cryogenic scanning tunneling mi-
croscope (STM). A single crystalline sample of slightly over-
doped Bi2212 (Tc = 86 K) grown by the floating-zone method
was cleaved in situ in helium atmosphere at low temperature
to expose a clean surface. A mechanically sharpened Pt-Ir wire
was used as the STM tip. Measurements were performed at 4.2
K in a magnetic field of 14.5 T applied parallel to the crys-
talline c-axis. I-V characteristics (I is the tunneling current and
V is the sample bias voltage) were measured at each point r
of an equally spaced mesh over the field of view. They were
numerically differentiated, and the differential conductance (or
tunneling spectrum) G ≡ dI/dV was obtained as a function of
r and V . Vortex cores were imaged by plotting G at a low bias
voltage as a function of r. The magnitude of the energy gap,
∆(r), was determined from the maximum G(r,V) for V > 0.
The images of a vortex core are shown in Figs. 1(a)-1(g) by
plotting G(r,V) at several bias voltages. The vortex core states
have been found to expand in space with increasing energy. In
this vortex core, we observed four stripelike structures with a
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Fig. 1. (Color) (a)-(g) Vortex core images at several bias voltages. G(r,V)
of a 12 × 12 nm2 region with a spatial resolution of 94 pm are mapped. The
tunneling conditions were V = +200 mV and I = 90 pA. (h) Line profiles of
vortex core images at ±4 mV along stripe α. (i) Line profiles of vortex core
images at ±8 mV along stripe β. These profiles were measured along the lines
drawn in (b), (e), and (f). (j) Energy gap ∆(r) of the same region. The average
is ∆¯ = 33 meV. (k) Peak height ratio R(r) of the same region.
4a0 width extending in the Cu-O(A) direction. At 0 mV, bright
stripe α and faint stripe β are observed [Fig. 1(a)]. At +4 mV,
the intensity of stripe β increases and stripe γ appears on the
lower side of α [Fig. 1(b)]. At +8 mV, another stripe δ appears
on the upper side of β [Fig. 1(c)]. At +12 mV, stripe α becomes
faint and stripes γ and δ become distinct [Fig. 1(d)]. The im-
ages at negative biases, shown in Figs. 1(e)-1(g), exhibit similar
behaviors.
The electronic states in these stripes have been studied in de-
tail by measuring tunneling spectra with a higher spatial resolu-
tion of 47 pm, as shown in Fig. 2. The measurement positions
are marked with the lines in the vortex core image [Fig. 1(c)]
and the ∆ map [Fig. 1(j)]. Vortex core states are observed as
two peaks at V = ±ε/e in the energy gap. The positions of
these peaks are symmetric with respect to the Fermi energy. In
the lower column of Fig. 2, we plotted the peak energy ε and
the energy gap ∆ as functions of position. Along the stripes, ∆
varies in space, whereas ε is nearly constant. This means that
the energy of vortex core states, ε, is not influenced by the spa-
tial variation of the energy gap, ∆. Our result does not support
the proposal that ε is proportional to ∆.12) ε is smaller in inner
stripes α (4 meV) and β (8 meV), than in outer stripes γ (11
meV) and δ (13 meV).
In stripes α and β, vortex core states exhibit spatial modula-
tions in the Cu-O(A) direction. In Figs. 1(h) and 1(i), we show
line profiles measured along stripes α and β at the peak energies
in these stripes: ±4 meV for α and ±8 meV for β. The spatial
modulations of the electron-like state (V > 0) and the hole-like
state (V < 0) are in antiphase with each other. The periods of
the modulations are determined from these profiles and are al-
most the same for the two stripes: (4.5 ± 0.3)a0 in stripe α and
(4.6 ± 0.2)a0 in stripe β. These results are consistent with the
previous results.16) In stripes γ and δ, such spatial modulations
are not clear.
We discuss the nature of the vortex core states observed here.
The behavior of the vortex core states expanding in space with
increasing energy is the same as that of the vortex core bound
states of s-wave superconductors.1–4) As the electron-like and
the hole-like vortex core states are observed at symmetric po-
sitions with respect to the Fermi energy and are modulated in
space in antiphase with each other, they have the characteris-
tics of Bogoliubov quasiparticles.32) Thus, we conclude that the
vortex core states in Bi2212 are the bound states of Bogoli-
ubov quasiparticles. The formation of the stripes breaking the
C4 symmetry of the CuO2 suggests that some ordered state af-
fects the structure of the bound states. We next clarify this point.
In Fig. 1(k), we plot the ratio of the peak height at V = +∆/e
to that at V = −∆/e, R(r) ≡ G(r,+∆(r)/e)/G(r,−∆(r)/e). In
the vortex core region, the R(r) map displays bright chains ex-
tending along the Cu-O(A) direction, as indicated by arrows.
We found that the direction of the bright chains is parallel to
the stripes of vortex core states. The pattern in this R(r) map
is similar to the bond-centered pattern observed in underdoped
Bi2212 in zero magnetic field.33, 34)
In Figs. 3(a) and 3(c), another vortex core is imaged at several
bias voltages. Vortex core states expand in space with increasing
energy, reproducing the result on the first vortex core. Stripes
in the two Cu-O bond directions coexist in this vortex core. In
stripe δ′, ε is nearly constant at 10 meV. In the central region α′,
2
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Fig. 2. (Color) (Upper column) Tunneling spectra in stripes α, β, γ, and δ measured with 47 pm spacing on white lines in the vortex core image [Fig. 1(c)] and
∆ map [Fig. 1(j)]. Several curves are shown in red or blue to clarify the antiphase modulation of electron-like and hole-like states. The tunneling conditions were
V = +200 mV and I = 60 pA. (Bottom column) Magnitude of the energy gap ∆ and the peak energy of vortex core states ε determined from the tunneling spectra
in the upper column. The values of ε were determined from the minima in dI3/d3V curves. Vertical dotted lines are guides to the eye. In stripe α, ε exhibits an
oscillating behavior, probably owing to the overlap of two peaks at about ±4 mV with antiphase amplitude oscillations. Some of the tunneling spectra in stripes α
and β have a peak at about −15 mV, as indicated by arrows. This extra peak seems to be related to vortex core states, although the details are unclear.
the energy of vortex core states, ε, is distributed from 2 to 10
meV. In regions β′ and γ′, the variation of ε is within a smaller
range from 8 to 12 meV.
The peak height ratio R(r) in this region is shown in Fig. 3(d).
The image exhibits a long-scale (∼2 nm) spatial variation and
atomic-scale (∼ a0) spatial modulations. The long-scale spatial
variation is extracted by applying a low-pass filter to the R(r)
map. We found that the filtered image RLPF(r) [Fig. 3(f)] has a
spatial variation similar to ∆(r) [Fig. 3(b)]. This is because the
peak height ratio R systematically increases with increasing the
magnitude of the energy gap ∆. This tendency can be seen in
the tunneling spectra with different ∆’s shown in Fig. 4(a) (see
the figure caption). The atomic-scale spatial modulations in the
R(r) are extracted in the high-pass-filtered map RHPF(r) shown
in Fig. 3(g). In this image, Cu sites are linked unidirectionally,
creating a mazelike complex pattern. This indicates the pres-
ence of a short-range order locally breaking the equivalence of
the two Cu-O bond directions and having an energy scale of ∆.
As the mazelike pattern is observed both inside and outside the
vortex core, the short-range order coexists with the supercon-
ductivity in real space. As indicated by blue arrows in Figs. 3(a)
and 3(g), the bright chains of the mazelike pattern coincide with
the dark regions separating the stripes in the vortex core image.
This result means that the orientation of the stripes is affected
by the short-range order.
The results on the other vortex cores are briefly mentioned
here. We studied 33 vortex cores in this experiment. In 9 vor-
tex cores, stripes were aligned in one Cu-O bond direction, as
in Fig. 4(b). In 6 vortex cores, stripes were found partially, or
stripes in the two Cu-O bond directions were observed in a vor-
tex core, as in Fig. 3(a). In the other vortex cores, we could not
observe clear stripes, although many of the vortex cores exhibit
some kind of directionality. The appearance of stripes can be
attributed to the short-range order making the mazelike pattern.
In almost all the vortices (29 out of 33), vortex core states were
found to expand in space with increasing energy.
To clarify the nature of the electronic states at E = ±∆, we
measured the change of the electronic states caused by the pres-
ence of a vortex core as follows. The applied magnetic field was
decreased from 14.5 to 6 T with the sample temperature kept at
4.2 K. Then, when observing a vortex core, black scars were ob-
served in the image, as in Fig. 4(b). This is because during the
measurement a vortex sometimes disappeared from the field of
view and returned to the same position with atomic-scale accu-
racy within a time interval of the order of 1 minute. By repeating
the dI/dV measurement with the STM tip fixed at one site in the
vortex core, we were able to obtain the tunneling spectra in the
presence and absence of the vortex core at exactly the same po-
sition. In Fig. 4(a), we show the tunneling spectra obtained at
three positions with different values of ∆ [A (30 meV), B (37
meV), and C (49 meV)], marked in the vortex core image [Fig.
4(b)] and ∆ map [Fig. 4(c)]. When a vortex core is present, the
two peaks at V = ±∆/e are suppressed in intensity, and vortex
core states are created at the electron-hole symmetrical position
3
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Fig. 3. (Color) (a) Vortex core imaged by mapping G(r,+8mV) of a 12 ×
12 nm2 region with a spatial resolution of 94 pm. The inset shows part of the
STM image obtained simultaneously with the vortex core image. The tunneling
conditions were V = +200 mV and I = 30 pA. (b) ∆ map of the same region. ∆¯
is 36 meV. (c) Vortex core images at 0,+4,+8, and+12 mV. (d) Peak height ratio
R(r) of the same region as (a). (e) Fourier transform (FT) image of the R(r) map.
The image shows several kinds of characteristic peaks. The peaks QA at (±1, 0)
and (0,±1) in units of 2pi/a0 represent the periodicity of the atomic lattice. The
peaks QB at (±0.77, 0) and (0,±0.77) represent a periodicity slightly longer
than a0. The broad peak near the origin (QC) represents the long-scale spatial
variation. Peaks corresponding to the supermodulation of the crystal lattice are
also observed (QD). (f) Low-pass-filtered R(r) map RLPF(r) showing the long-
scale spatial variation related to FT peak QC . The cutoff of the filter is 0.23
(2pi/a0) indicated by the solid circle in the FT image. (g) High-pass-filtered R(r)
map RHPF(r) showing the atomic-scale modulations related to the FT peaks QA
and QB. The cutoff of the filter is 0.47 (2pi/a0), indicated by the dotted circle
in the FT image. The Cu sites determined from the STM image are marked by
dots.
in the energy gap with the other parts of the tunneling spectra
nearly unchanged. As these vortex core states have the nature
of Bogoliubov quasiparticles due to the depairing of Cooper
pairs and originate from the states with the energy ∆, the elec-
tronic states with the energy ∆ contain the component of the
Fig. 4. (Color) (a) Tunneling spectra measured in the presence (open circles
in red) and absence (filled circles in blue) of the vortex core. A, B, and C rep-
resent the measurement positions indicated in (b) and (c). The spectra are offset
for clarity. The arrows indicate the ∆ values in the absence of the vortex core.
The peak at V = −∆/e is higher than that at V = +∆/e in the spectra with a
smaller ∆ (A and B), whereas the opposite relation is observed in the spectra
with a larger ∆ (C). This demonstrates the systematic relation between R(r) and
∆(r) described in the main text. A lock-in amplifier was used with a bias mod-
ulation of 2 mVrms and 612 Hz. The tunneling conditions were V = +180 mV
and I = 90 pA. (b) Vortex core image at +8 mV. (c) ∆ map of the same region.
∆¯ is 33 meV.
one-particle excitation of a superconductor. This means that ∆
represents the magnitude of the superconducting gap. The same
measurements were performed in the other vortex cores and ∆’s
ranging from 20 to 55 meV were found to be the superconduct-
ing gaps in our slightly overdoped Bi2212.
In conventional s-wave superconductors, the energy gap is
almost completely filled with quasiparticle bound states near
the center of a vortex core.1–4) In the present case of Bi2212,
tunneling spectra near the center of a vortex core still exhibit a
clear energy gap, as can be seen in the spectrum at position C in
Fig. 4(a). In vortex core regions, we have observed a mazelike
pattern at E = ±∆, suggesting the presence of a short-range
order with an energy scale of ∆. We can conclude that the short-
range order has an energy gap with the same magnitude as the
superconducting gap.
Comparing the ∆ maps in Figs. 1(j), 3(b), and 4(c) with the
corresponding vortex core images, we have found that the vor-
tex core centers are situated in large-∆ regions. The experimen-
tal observation looks inconsistent with the concept of vortex
pinning in conventional superconductors where vortices tend
to be situated in a region of degraded superconductivity with
a small ∆, but a possible decrease in Cooper-pair density in a
large-∆ region will explain the experimental results as follows.
If the bulk property of an increase in the average energy gap
(∆¯) with decreasing carrier density35) can be applied to local
quantities, large-∆ regions are expected to have a lower carrier
density than small-∆ regions. Thus, large-gap regions will have
a lower density of Cooper pairs and can work as pinning centers
of vortices. This effect may be enhanced by the coexistence of
the short-range order. In Bi2212 with a larger ∆¯ (56 meV) than
4
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our sample, regions with ∆ ≥ 60 meV are reported to work as
pinning sites and interpreted to be non-superconducting.36) This
interpretation can be considered as the limit of low Cooper-pair
density.
A possible picture drawn from the present studies is as fol-
lows. A slightly overdoped Bi2212 is like a mosaic of supercon-
ductor patches with a dimension of ∼2 nm with different super-
conducting energy gaps ∆. At low temperatures, these patches
are coupled with each other to form a coherent superconduct-
ing state. Coexisting with the superconductivity in real space,
there is a short-range order locally breaking the equivalence of
the two Cu-O bond directions. The short-range order has an en-
ergy gap with the same magnitude as the superconducting gap
and gives rise to a mazelike pattern in the electronic states at
E = ±∆. When a magnetic field is applied, the superconduc-
tivity is suppressed in a vortex core and bound states of the
Bogoliubov quasiparticles are formed inside. The bound states
show stripe structures of 4a0 width with different orientations in
different vortex cores, influenced by the short-range order.
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